Objective: To investigate the effect of sodium, protein and calcium in habitual diets on bone resorption. Design: A cross-sectional study. Setting: A community-based study. Subjects: Healthy free-living male (n 342) and female (n 421) volunteers aged 20 ± 79 y recruited for a health and nutrition examination survey conducted by a local government. Methods: Bone resorption was assessed by the measurement of free deoxypyridinoline in 24 h urine. Dietary assessment was by one-day dietary record method. Sodium and urea in 24 h urine were also measured for assessment of sodium and protein intake. The relationships between deoxypyridinoline excretion and the dietary factors were examined using correlation and multiple regression statistics. Results: In women aged 50 ± 79 y, protein intake was positively associated with deoxypyridinoline excretion (P`0.05); and the urinary deoxypyridinolineacreatinine ratio was positively associated with both the urinary calciumacreatinine ratio (P`0.01) and sodiumacreatinine ratio (P`0.05). In the multiple regression model, the association of the deoxypyridinolineacreatinine ratio and sodiumacreatinine ratio was still signi®cant (P`0.05) after adjustment for possible confounders, in this sex and age group. Conclusion: In elderly women, habitual excess sodium in diets may result in bone loss through accelerated bone resorption. Sponsorship: Grant from the Ministry of Health and Welfare, Japan.
Introduction
Various dietary factors have been known to affect calcium balance, which leads to changes in bone mineral content. An expanding body of clinical and epidemiological evidence indicates that increasing calcium intake reduces bone loss and risk of fracture in postmenopausal women (Dawson-Hughes, 1998) . Many clinical and epidemiological studies have also con®rmed the calciuric effect of dietary sodium (Shortt & Flynn, 1990; Chan et al, 1992; Itoh & Suyama, 1996) and protein (Linkswiler et al, 1981; Heaney, 1993; Hu et al, 1993; Itoh et al 1998) in healthy subjects. In fact, two longitudinal studies on female subjects indicated negative associations of bone mineral contents with intake of sodium (Devine et al, 1995) or protein (Metz et al, 1993) . Furthermore, ®ndings of another longitudinal study on women showed that higher protein consumption increased the risk of osteoporotic forearm fractures (Feskanich et al, 1996) . These ®ndings suggest that excess intake of sodium or protein accelerates bone resorption, while an increase in calcium intake suppresses it. Using deoxypyridinoline, a speci®c urinary marker of bone resorption (Robins et al, 1991) , three short-term studies (Shapses et al, 1995; Scopacasa et al, 1998; Akesson et al, 1998) and a long-term study on calcium supplementation (Fardellone et al, 1998) showed that increases in its intake were accompanied by decreases in the excretion of the marker, suggesting a reduced rate of bone resorption. Regarding protein, however, one study showed that the rate of deoxypyridinoline excretion did not vary with protein intake (Shapses et al, 1995) .
Three clinical studies on the effect of sodium intake on bone resorption were also conducted. However, the ®ndings of these studies are inconsistent. Evans et al (1997) observed, in 11 postmenopausal women, a signi®cant increase in the urinary deoxypyridinolineacreatinine ratio in a high sodium diet, while they did not observe such change in 11 premenopausal women. Neither did Ginty et al (1998) observe, in 16 premenopausal women, a signi®-cant increase in deoxypyridinoline excretion with increasing dietary sodium. Contrary to the ®ndings by Evans et al (1997) , Lietz et al (1997) reported that no signi®cant difference in deoxypyridinoline excretion was observed with varying sodium load in 14 postmenopausal women.
To evaluate whether habitual intake of these dietary factors are signi®cant determinants of the rate of bone resorption, it is essential to conduct epidemiological studies on the relation between intake of these dietary factors and changes in biochemical markers of bone resorption in freeliving populations. Recently, a direct enzyme-linked immunosorbent assay for free deoxypyridinoline, which consisted of about 40% of the total urinary deoxypyridinoline, was developed (Robins et al, 1994) . This has made its measurement readily available for population-based studies. This prompted us to examine epidemiologically the in¯uence of some dietary factors on bone resorption.
In the present study, we investigated the association of sodium, protein and calcium intake with urinary free deoxypyridinoline excretion in a healthy free-living Japanese population consuming diets of their own choosing.
Subjects and methods

Subjects
One thousand and eleven free-living men and women aged 20 ± 79 y with general good health and normal ambulation participated voluntarily in a health and nutrition examination survey conducted by a local government at 18 centres in Nagano Prefecture, which is located in the central part of the main island of Japan. Informed consent was obtained from each participant. The protocol was approved by the Council of Health Statistics at Nagano Prefectural Government.
A fasting blood sample drawn from each participant at the centre was used for routine blood counts and laboratory tests. Height and weight of subjects, in light clothing and without shoes, were measured at the centres. Medical history and information on medication and supplement use were obtained at the centres by interviewers using a questionnaire. The subjects who were judged to be healthy based on the medical history and the results of the blood counts and laboratory tests, and who were taking neither a calcium supplement nor medication that could in¯uence electrolyte metabolism were selected for the study. Women who were on hormone replacement therapy were excluded. The number of subjects selected for the ®nal analyses was 763 (342 males and 421 females).
Collection of urine
Investigators visited participants at their own homes and asked them to provide a 24 h urine collection. Standard 2.5L wide-mouth plastic jars were supplied, with 30 mL toluene added as a preservative. They were carefully instructed on the need to collect all urine excreted after the ®rst quantity voided the morning until and including the ®rst quantity voided the following day. They were asked to bring the urine collections to one of the survey centres between 0900 and 1100 h. The volume of each 24 h urine collection was measured and an aliquot was stored at 7 20 C until analysed.
Biochemical analyses
The urine samples were analysed for creatinine, calcium and urea using routine methods on a Technicon SMAC analyser (Technicon Corp, Tarrytown, NY). Urinary sodium was analysed using the ion-selective electrode of Beckman Astra 8 (Beckman Instruments, Fullerton, CA). Urinary free deoxypyridinoline was measured using an enzymelinked immunosorbent assay (Pyrilinks D 2 ELISA, Metra Biosystems Inc., Palo Alto, CA) (Robins et al, 1994) .
Urine collections were assessed for completeness by self-reported information obtained by interviewers using a questionnaire at the centres. Completeness of the urine collection was also assessed with the creatinine index method (Joossens & Geboers, 1984) . The subjects were excluded if they had any problems with urine collection.
Collection and analyses of dietary data
Dietary intake on the day of urine collection were assessed by having subjects keep a dietary record (Garry et al, 1982) . At participants' homes, written and oral instructions about the dietary record were given by dieticians. The participants were asked to bring the records to one of the survey centres with the 24 h urine collections. At the centre, dieticians brie¯y checked through the records with the participants. All food records were coded by food item and amount, and analysed for nutrient composition using a computerised nutrient database compiled from a foodcomposition table (Resources Council, Science and Technology Agency, 1982) .
Statistical analysis
The data were statistically analysed using techniques included in the SPSS-X statistical software package (SPSS Inc., 1983) .
The subjects of both sexes were divided into two groups for statistical purposes: those aged 20 ± 49 y and those aged 50 ± 79 y. Two-way analysis of variance was used to determine the effect of age, sex and their interactions on anthropometric measurements, dietary intakes, and urinary excretions of deoxypyridinoline, creatinine, calcium, sodium and urea.
Pearson's correlation coef®cients were calculated to determine the strength of relations between the daily excretion of deoxypyridinoline and dietary intakes of various nutrients. When Pearson's correlation coef®cients between 24 h deoxypyridinoline excretion and those of the other urinary constituents were calculated, their measurements were corrected for 24 h urinary creatinine excretion, because of the possibility of the errors in collection of 24 h urine which is common in all the urine specimens.
Multiple forward stepwise regression was used to identify which variables are signi®cant predictors of deoxypyridinoline excretion after adjustment for confounders, using the urinary deoxypyridinolineacreatinine ratio as a dependent variable, with the urinary ureaacreatinine and sodiumacreatinine ratios, daily dietary calcium intake, age and body weight as independent variables. P`0.05 was used as the level of signi®cance for all tests.
Results
Anthropometric measurements and dietary intake
The means (s.d.) of age, anthropometric measurements for each sex and age group are shown in Table 1 .
In Table 2 the means (s.d.) of daily dietary intake of energy, protein, calcium and sodium for each sex and age group are shown.
For both tables, the results of the analyses using twoway ANOVA for the effect of age, sex, and their interactions on these variables are shown.
Urinary deoxypyridinoline, creatinine, calcium, sodium and urea excretion The means (s.d.) of daily urinary excretions of creatinine, deoxypyridinoline, calcium, sodium, and urea in each sex Urinary deoxypyridinoline in elderly women R Itoh et al and age group are given in Table 3 . The means (s.d.) of the urinary deoxypyridinolineacreatinine, calciumacreatinine, sodiumacreatinine and ureaacreatinine ratios in each sex and age group were shown in the same table. The results of the analyses using two-way ANOVA for the effect of age, sex, and their interactions on the excretion of these urinary constituents are also shown for both tables.
Univariate analyses on associations between urinary variables and dietary intakes As shown in Table 4 , simple correlation coef®cients between sodium intake and its excretion and those between protein intake and urea excretion were signi®cantly positive for each sex and age group.
Daily urinary deoxypyridinoline excretion was associated signi®cantly and positively with protein intake only in women aged 50 ± 79 y.
Univariate analyses on associations of the urinary ratio of deoxypyridinoline to creatinine with urinary ratios of calcium, sodium and urea to creatinine As shown in Table 5 , in women aged 50 ± 79 y, the deoxypyridinolineacreatinine ratio correlated signi®cantly and positively with both the calciumacreatinine and sodiumacreatinine ratios. Signi®cance of the correlation between the deoxypyridinolineacreatinine ratio and the ureaacreatinine ratio in this sex and age group was marginal (P 0.083).
Multiple-regression analyses of the association of urinary deoxypyridinoline excretion with dietary sodium intake To con®rm the association of deoxypyridinoline excretion with dietary sodium intake observed in women aged 50 ± Signi®cant effect of age, P`0.001; sex, P`0.001 and the interaction of sex and age, P`0.001.
2
Signi®cant effect of age, P`0.001 and sex, P`0.001.
3
Signi®cant effect of age P`0.05; sex, P`0.05 and the interaction of sex and age, P`0.001. (73) 182 (64) 194 (77) 168 (58) Na(mol)aCr(mol) (94) 301 (81) 326 (96) 262 (72) Urea(mol)aCr(mol) 7 26.7 (5.5) 33.5 (7.6) 31.3 (7.0) 38.8 (8.0) 1 Signi®cant effect of age, P`0.001; sex, P`0.001 and the interaction of sex and age, P`0.001. 2 Signi®cant effect of age, P`0.001 and the interaction of sex and age, P`0.01. 3 Signi®cant effect of age P`0.01; sex P`0.001 and the interaction of sex and age, P`0.001. 4 Signi®cant effect of sex, P`0.001. 5 Signi®cant effect of age, P`0.001; sex, P`0.001 and the interaction of sex and age, P`0.05. 6 Signi®cant effect of age, P`0.01 and sex, P`0.001. 7 Signi®cant effect of age, P`0.001 and sex, P`0.001. Table 5 , a multiple regression analysis was conducted, using the urinary deoxypyridinolineacreatinine ratio as a dependent variable and the sodiumacreatinine ratio, ureaacreatinine ratio, daily calcium intake, age, and body weight as independent variables. The ®nding indicated that, in this sex and age group, the sodium (mol)a creatinine(mol) ratio was the single signi®cant independent predictor of the deoxypyridinoline (nmol)acreatinine (mmol) ratio. (Partial regression coef®cient (B) AE s.e. 0.0216 AE 0.012; standardised partial regression coef®cient (b) 0.154, P 0.024) among the other dependent variables.
Discussion
The ®ndings of our previous cross-sectional studies on a free-living healthy Japanese population consuming diets of their own choosing suggested that individuals with habitual high sodium or protein intake may lose more calcium into their urine than those with low sodium and protein intake (Itoh & Suyama, 1996; Itoh et al, 1998) . To evaluate whether this loss of calcium induced by excess intake of sodium or protein from habitual diets is a signi®cant risk factor for bone loss, it is essential to conduct epidemiological studies on the relationship between these dietary factors and bone resorption. In the present cross-sectional study, we investigated the relation between bone resorption and dietary intakes of sodium and protein in the population we described previously (Itoh & Suyama, 1996; Itoh et al, 1998) . We intended to assess bone resorption by measurement of the urinary excretion of free deoxypyridinoline. For this purpose, 24 h urine specimens were collected, because it had been reported that there is a circadian pattern of deoxypyridinoline excretion, with fasting values being in the order of 40% higher than 24 h values, which poses problems when using fasting urine for assessment of bone resorption (Eastell et al, 1992) .
We examined the association of daily deoxypyridinoline excretion with daily intakes of calcium, sodium and protein estimated from dietary records. We only observed a signi®cant positive association of daily deoxypyridinoline excretion with daily protein intake in women aged 50 ± 79 y.
In this study, however, we intended to estimate dietary intakes of sodium and protein not only from dietary records but also from urinary excretion of sodium and urea, respectively. This was because: (1) there are many sources of error inherent in estimation of nutrient intake from dietary records; (2) regarding sodium, the idea that its urinary excretion is an accurate and de®nitive measure of its actual intake is generally accepted (Devine et al, 1995) ; (3) it appears that, on average, nitrogen balance of this population was in equilibrium (Itoh et al, 1998) ; and (4) Isaksson (1980), and Bingham and Cummings (1985) concluded that 24 h urea nitrogen provided an objective measure of the habitual protein intake of free-living individuals, when their nitrogen balance is in equilibrium. In this study, the estimated daily sodium intake and daily protein intake correlated signi®cantly and positively in all the sex and age groups with daily excretion of sodium and urea, respectively (Table 4) . Thus, for further analyses, we chose sodium excretion and urea excretion in 24 h urine specimens as measures of sodium and protein intakes.
We examined the correlation of the deoxypyridinolineacreatinine ratio with the calciumacreatinine ratio, sodiumacreatinine ratio and the ureaacreatinine ratio in the 24 h urine specimens. In this analysis, we found signi®cant positive associations of deoxypyridinoline excretion with those of calcium and sodium in the women aged 50 ± 79 y (Table 5 ). This suggests that in the subjects of this sex and age group, an increase in urinary calcium loss accompanied by increasing intake of sodium results in accelerated bone resorption. We also observed a positive correlation between urea excretion and deoxypyridinoline excretion in this sex and age group, but its sign®cance was marginal.
To con®rm whether the sodium intake is an independent determinant of deoxypyridinoline excretion in women aged 50 ± 79 y, we conducted a multiple-regression analysis using the deoxypyridinolineacreatinine ratio as a dependent variable and with the urinary ureaacreatinine ratio, sodiumacreatinine ratio, daily dietary calcium intake, age and body weight as confounders. The ®ndings indicated that the association between daily sodium excretion and deoxypyridinoline excretion in this sex and age group persisted even after adjustment for the confounders. Although the univariate analysis suggested a possible association between deoxypyridinoline excretion and protein intake in this sex and age group, its signi®cance was not con®rmed by multiple regression analysis. This is the ®rst epidemiological study, in which the ®ndings suggest that high sodium intake, even within the range of the amount contained in their habitual diets, accelerates excretion of deoxypyridinoline.
The present study also showed that this response was observed in women aged 50 ± 79 y, but not in those aged 20 ± 49 y. The observations in some clinical trials also suggest that deoxypyridinoline excretion increased in response to increasing dietary sodium only in postmenopausal women (Evans et al, 1997; Ginty et al, 1998) , although Lietz et al, (1997) reported that this was not observed in postmenopausal women.
The apparent difference between young and older women in terms of their response to increased sodium intakes might be due to the differences in adaptive capacities, for example ef®ciency of intestinal calcium absorption, beween the two population groups, as suggested by Breslau et al, (1982; . They reported that, in young normal men and women, sodium-induced renal hypercalciuria was accompanied by increases in 1,25-dihydroxycholecalciferol and enhanced calcium absorption (Breslau et al, 1982) , whereas postmenopausal women with osteoporosis lacked these responses (Breslau et al, 1985) . Their ®ndings imply that, in elderly women, the calciuric effect of excess intake of sodium cannot effectively be compensated by increased intestinal calcium absorption. This possibly results in the accelerated bone resorption in elderly women, even under the condition of habitual excess sodium intake. Actually, Devine et al, (1995) observed, in their longitudinal study on 124 postmenopausal women, a negative association between sodium intake and bone mineral contents.
